ABSTRACT: For eight generations, mouse lines were selected for smaller or larger reduction in postweaning gain from endophyte-infected fescue seed in the diet. After five generations in which there was no further selection for divergence in response to fescue toxicosis, the current experiment was conducted to determine whether resistant (R) and susceptible (S) lines differed in response to the mycotoxin sporidesmin (SPD). At approximately 8 wk of age, R and S mice that had never consumed endophyte-infected fescue seed were randomly assigned (five to seven per line × sex × SPD dose subclass) to receive dimethyl sulfoxide (DMSO) carrier or 10, 20, 30, or 40 mg/kg SPD by oral gavage. At death or euthanasia 14 d after treatment, livers and kidneys were collected for histological examination. Mice receiving 40 mg/kg SPD died sooner than mice receiving 30 mg/kg (63 vs 134 h; P = .02), but there was no line or line × dose interaction effect for time to death. Within those mice, neither line, dose, nor their interaction influenced liver weight or liver weight as a proportion of body weight. The R mice were more resistant to
Introduction
Tall fescue (Festuca arundinacea) covers 15 million ha of land in the United States (Hoveland, 1993) . Siegel et al. (1984) estimated that 90% of fescue stands were infected with the endophyte Neotyphodium coenophialum and that over 60% of plants in infected stands typically contained the fungus. Ingestion of endophyteinfected fescue by cattle increases heat stress, leading to reduced feed intake and decreased milk yield, reproduction, and gain (Thompson and Stuedemann, 1993;  2157 SPD than S mice; LD 50 values were 23.6 and 31.8 mg/kg for the S and R lines, respectively (P < .05). Sporidesmin caused dose-related liver and kidney lesions in both lines. Selection lines did not differ significantly in the incidence of infarcts of hepatic lobules. However, at 30 and 40 mg/kg SPD doses, severity of this lesion was higher in affected S than in affected R mice. At the higher SPD doses, there also was a greater incidence of hepatic subacute cholangitis in S mice than in R mice. Foci of acute tubular necrosis were found in kidneys of mice receiving 20, 30, or 40 mg/kg SPD, with no protection against these lesions in the R line. Foci of tubular basophilia (indicative of tubular regeneration) were present in all line × dose subgroups, but incidence was not SPD dose-dependent in either line. In summary, divergent selection for weight gain response to ingestion of endophyte-infected fescue seed resulted in a favorable correlated response in survival following exposure to a chemically distinct toxin. It may be possible therefore, to select livestock populations for simultaneous resistance to a variety of toxins. Paterson et al., 1995) . Annual costs to the beef cattle industry exceed $800 million (Hoveland, 1993) . Animals within a herd vary in fescue toxicosis response, and selection among (Brown et al., 1997) or within breeds (Lipsey et al., 1992) might ameliorate the problem.
In New Zealand, Pithomyces chartarum fungus in perennial ryegrass (Lolium perenne)/white clover (Trifolium repens) swards releases spores containing sporidesmin. When ingested by cattle or sheep, this toxin causes occlusive damage to the bile duct system of the liver. This causes secondary photosensitization resulting in facial eczema, a severe dermatitis of skin surfaces, such as the face and udder, with light pigmentation or sparse hair covering (Richard, 1973) . Resultant decreased production and reproduction cause annual losses of over $43 million to sheep farmers (NZMWBES, 1990) . The impact of facial eczema was reduced in flocks using rams that were selected for sporidesmin resistance (Morris et al., 1995b) .
In eight generations of divergent selection in outbred mice, we produced lines differing in susceptibility to fescue toxicosis (Hohenboken and Blodgett, 1997) . The objective of the experiment reported here was to determine whether that past selection had also influenced sporidesmin resistance. Susceptibility was assessed by comparison between lines of the relationship between sporidesmin dose and mortality and of the incidence and severity of liver and kidney lesions.
Materials and Methods
Population and Animal Management. As described by Hohenboken and Blodgett (1997) , ICR mice (Harlan Sprague Dawley, Indianapolis, IN) were divergently selected for eight generations for an index reflecting the impact of a diet containing endophyte-infected fescue seed on growth rate following weaning. During the next five generations, there was no additional selection for divergence in fescue toxicosis response, during which time mice from the resulting resistant (R) and susceptible (S) lines were examined to identify physiological and physical differences between them. As reported by Wagner et al. (2000) , a diet containing endophyte-infected fescue seed had a greater detrimental impact on long-term reproduction and mature size of S-line than R-line mated pairs for mice from Generation 12 of the experiment. Parents of the R and S mice used in this experiment, selected at random but with approximately equal representation from all available litters in Generation 13, thus still differed in susceptibility to fescue toxicosis despite several generations of relaxed selection.
Over a 7-d period in February 1998, 27 R-and 25 Sline litters were born from 30 matings per line. Within 4 d of birth, litters with more than 11 offspring were standardized to 11 by killing randomly chosen excess pups. All mice were weaned when the youngest litter reached 21 d of age (modal age 24 d).
Following weaning, 72 males and 68 females were retained from each line. From weaning until the start of the current experiment, four like-sexed, non-littermate individuals of the same line were housed per 15-cm × 21-cm × 29-cm transparent plastic cage. Water and laboratory rodent food (Harlan Teklad 7001, Harlan Sprague Dawley, Madison, WI) were continuously provided. The experiment began when the youngest mouse was 49 d of age.
Experimental Procedures. In New Zealand, sporidesmin A was purified from crude extracts of Pithomyces chartarum to 95% purity and obtained as a gift from Christopher Miles. Dosing solutions for the 10, 20, 30, and 40 mg/kg groups were prepared by weighing 10, 20, 30, or 40 mg of the powdered sporidesmin, respectively, into 5-mL conical glass vials. Three milliliters of dimethyl sulfoxide (DMSO) was added to each vial, and the vials were capped and vortexed for between 1 and 4 min until no sporidesmin particles were visible. Two additional milliliters of DMSO was added to each vial, and the vials were recapped and inverted several times. The final concentrations of sporidesmin in the dosing solutions were 2, 4, 6, or 8 mg/mL for the 10, 20, 30, and 40 mg/kg groups, respectively. Each mouse received a volume of solution proportional to .5% of its body weight. For example, 22-g mice received .11 mL and 30-g mice received .15 mL. This proportional volume also pertained to the DMSO control group. The dosing solution was delivered with a 22-gauge animal feeding needle attached to a Tefloncoated 250-L syringe.
Based on results of pilot trials, doses of 0, 10, 20, 30, and 40 mg sporidesmin per kilogram of body weight in DMSO carrier were used. The intent was to assign seven mice per line × sex × dose level subclass; actual numbers ranged from five to seven. Food was removed from all cages at 2100 the previous evening. Dose administration began at 0830 and was completed by 1030. Beginning with the 10 mg/kg group and continuing through the higher dose levels and the DMSO control, the required number of mice were randomly chosen from each line × sex group. Each mouse was then weighed, dosed by oral gavage, and placed in an individual cage with access to water and laboratory rodent food.
Observations started that afternoon and were conducted at 6-to 12-h intervals through 14 d. When a mouse was found dead, the time was noted; body weight was recorded; the liver was removed, blotted, and weighed; and the kidneys were removed. Liver sections and kidneys were stored in formalin for subsequent histological examination, and postmortem comments were recorded. If, during an observation, the investigator determined that a mouse was moribund, it was killed by cervical dislocation, and data and tissues were collected as described above. All mice that survived until 14-d after dosing were killed on that day, and data and tissues were collected as described above. The experiment was approved by the Virginia Tech Institutional Animal Care and Use Committee.
Histopathology Procedures. Liver and kidney samples from each mouse were fixed for a minimum of 48 h in a solution of neutral-buffered 10% formalin. Following fixation, representative sections of each tissue were trimmed, dehydrated in a graded series of ethanol and xylene, and then embedded in a paraffin polymer mixture. Four-micron-thick sections of each tissue block were cut, stained with hematoxylin and eosin stain, and coverslipped for examination.
Tissues were examined in a "blinded" manner; the pathologist did not know the line, sex, or sporidesmin dose group of animals being investigated. Lesions present in liver and kidney were graded in severity according to incidence, distribution, and effect on tissue integrity. A score of 0 meant no lesions, 1 meant minimal lesions present, 2 meant mild lesions present, 3 In tabulating "cumulative" mortality, mice that died following a lower dose of sporidesmin (SPD) were assumed to be susceptible to all higher doses as well. Similarly, mice that survived a higher dose of sporidesmin were assumed also to be resistant to all lower doses. meant moderately severe lesions present, 4 meant severe lesions present, and 5 meant markedly severe lesions present. All individuals for which the severity score for a particular lesion equaled 1 through 5 were assigned an incidence score for that lesion of 1. If the severity score for a lesion was 0, then an incidence score of 0 was assigned for that lesion as well.
Statistical Procedures. For mice that died (or were moribund and therefore killed) within 14 d of sporidesmin dosing, survival time (hours from dosing to death) was subjected to analysis of variance using GLM of SAS (1990) with a model including fixed effects for line, sex, sporidesmin dose and interactions among these effects. Data from mice assigned the DMSO carrier or the 10-or 20-mg/kg doses were deleted from this analysis because of the small number of deaths in those groups. The same model was used to analyze variation in liver weight and liver weight as a proportion of body weight for mice receiving one of the higher two doses of sporidesmin.
Within both lines, male and female mortality was similar at each dose level, and sex was ignored in subsequent estimation of the sporidesmin dose/mortality statistics. Actual and "cumulative" mortality data for line × dose subclasses are presented in Table 1 . Two assumptions were necessary for calculating cumulative mortality (Reed and Muench, 1938) . If a mouse died after receiving a lower dose of sporidesmin, 10 mg/kg for example, that same mouse would have succumbed to each of the higher doses. Similarly, if a mouse survived a higher dose of sporidesmin, 40 mg/kg for example, that same mouse would have survived each of the lower doses.
In preliminary analyses, probit and logit methods (SAS, 1990) were compared, both with and without log 10 transformation of sporidesmin dose, to describe the sporidesmin dose/mortality relationship in each line. The probit model resulted in slightly better goodness of fit than the logit model, and using actual dose levels gave better goodness of fit than using a log 10 dose level transformation. Thus, the final analysis utilized the probit model with mortality data regressed on actual dose levels of sporidesmin.
Incidence data (scored as 0 vs 1) of histological lesions were analyzed by GLM ANOVA (SAS, 1990) with sources of variation for line, dose, sex, and interactions among those effects. Sex and its interactions were not significant and were dropped from final models. Nonzero severity scores for each lesion existed only for affected individuals. Severity data for many lesions therefore were too sparse for meaningful quantitative analysis. Severity differences between lines for a few specific lesions were quantified using arithmetic means.
Results

Traits Recorded for Mice that Died or Were Moribund and Killed.
Mice receiving the 40-mg/kg dose died at an average of 63 h after administration, whereas mice receiving the 30-mg/kg dose died after an average of 134 h (P < .01). There was no significant difference for hours to death between either sexes or lines, nor were there any significant interactions. Weight loss between dosing and death did not differ significantly between lines, sexes, or dose groups. There was, however, a trend for greater weight loss by males than females (3.7 vs 2.8 g) and a trend for greater loss by mice receiving 30 mg/kg (3.8 g) than mice receiving 40 mg/kg (2.7 g) of sporidesmin. Mice given the lower dose survived longer and therefore had a longer time during which weight loss could occur. Neither line, sporidesmin dose, nor their interaction significantly influenced liver weight or liver weight as a proportion of body weight. Males had heavier livers than females (P < .01) but only in proportion to their heavier body weight.
Sporidesmin Dose/Mortality Relationships. For 105 mice receiving sporidesmin, overall mortality was 40%. Female and male mortality percentages were 39 and 41, respectively; 35% of R-line and 44% of S-line mice died or were moribund and killed within 14 d after administration. Dose/mortality response curves are shown in Figure  1 . For both lines, regression of mortality on nontransformed sporidesmin dose using the probit method of SAS (1990) satisfactorily modeled the data (probability values for chi square lack of fit were .46 for the S line and .18 for the R line). Dose/response curves for the two lines did not depart significantly from a parallel relationship (probability value for chi square lack of fit was .81). However, the estimated sporidesmin doses that would kill specific proportions of the mice did differ significantly between lines (probability value for chi square lack of fit was .03). The 95% confidence intervals for the sporidesmin dose/mortality curves of the two lines did not overlap between mortality proportions of .10 and .70 (Figure 1 ). Estimated LD 50 values (23.6 and 31.8 mg/kg for S-and R-line mice, respectively) differed by a factor of 1.35. Selection for divergence in response to toxins in endophyte-infected fescue seed had caused a correlated, beneficial response in survival following oral dosing with sporidesmin, a chemically distinct toxin.
Hepatic Lesions. The most prominent gross lesion in sporidesmin-treated mice was yellow or mottled discol- Figure 1 . The relationship between cumulative mortality and sporidesmin dose for susceptible (heavier solid line) and resistant (heavier dotted line) mice. Thin pairs of solid and dotted lines are 95% confidence intervals for the sporidesmin dose causing a specific mortality proportion in susceptible and resistant lines, respectively. oration of the liver. Yellow skin and mucous membranes, indicative of icterus and hepatic failure, were noted in approximately one-third of the mice receiving either 30 or 40 mg/kg sporidesmin in both lines.
Treatment-related microscopic lesions were seen in the livers of both R and S mice (Table 2) . Hepatic infarcts consisted of foci of coagulative necrosis of hepatocytes and were seen primarily in midzonal and centrilobular areas of affected livers. In many cases, these foci were very discrete, with necrotic cells and normal cells appearing next to one another. Incidence of this lesion did not differ significantly between lines, but incidence tended to increase with increasing sporidesmin dose in both lines. Average severity scores of affected S and R mice receiving 30 mg/kg were 2.82 and 2.00, respectively, whereas average severity scores of affected S and R mice receiving 40 mg/kg were 3.00 and 2.15, respectively. Thus, at the higher sporidesmin doses, severity of the lesion was greater (P = .03) in mice from the S line than from the R line.
Foci of single hepatic cell necrosis usually did not have inflammatory cell infiltrates present. Incidence tended to increase with increasing sporidesmin dose. This lesion was more prevalent (P < .01) in R-than in S-line mice, for which we have no explanation. Subacute cholangitis was seen only in the livers of mice receiving the two higher sporidesmin doses. In affected mice, clusters of neutrophils, lymphocytes, and scattered macrophages and plasmacytes were present within portal triads. Incidence of this lesion was higher in S-than in R-line mice.
The incidence of mononuclear cell infiltration foci did not differ significantly between lines, and incidence was not expressed in a dose-dependent manner. Severity of lesions did, however, tend to increase with increasing sporidesmin dose (data not shown).
Renal Lesions. Lesions were also seen in the kidneys of sporidesmin-treated mice (Table 3) . Acute tubular necrosis occurred with similar frequency in kidneys of S-and R-line mice. Incidence of this lesion was positively related to sporidesmin dose. The average severity scores for acute tubular necrosis equaled 2.00, 2.33, and 2.63 in S mice and 2.00, 1.67, and 2.75 in R mice at sporidesmin doses of 20, 30, or 40 mg/kg, respectively.
Clusters of basophilic cells within tubules were noted in the majority of mice in most line × dose subgroups, with a moderately higher incidence in the S line (P = .06). These clusters of cells are thought to be foci of tubular cell regeneration, typically seen following cell loss from toxicant exposure. Thus, one might expect that incidence of basophilic cell clusters might be predictive of incidence of tubular necrosis, and vice versa. The residual correlation between these two characteristics was only −.11, however. Animals with one of the two lesions were little more likely than average also to have the other. Foci of mononuclear cell infiltration were observed in kidneys of the mice, but incidence did not differ among lines, doses, or line × dose subclass groups.
Discussion
Suppurative cholangitis has been reported in sporidesmin-treated mice (Bhathal et al., 1990) and was seen in these mice at the higher doses of sporidesmin. However, we are not aware of reports of hepatic infarction associated with sporidesmin exposure in mice. Hepatic infarction associated with thrombosis of hepatic vessels has been seen in sheep (Mortimer, 1963) and rabbits (Thompson et al., 1983 ) with sporidesmin toxicosis. An analysis of our data indicates that areas of single cell necrosis and infarction can lead to liver failure and death in exposed mice. Trends toward increasing incidence and severity of these lesions with increasing doses of sporidesmin were seen. Selective breeding for endophyte toxin resistance may have conferred some degree of protection.
The presence of renal lesions in proximal tubules following sporidesmin exposure has not, to our knowledge, been reported. Epithelial degeneration or necrosis in renal collecting tubules was, however, noted in mice and sheep with sporidesmin toxicosis (Mortimer, 1963; 1970) . The combination of acute tubular necrosis and tubular basophilia is suggestive of toxic tubular injury followed by tubular cell regeneration. Further study would be necessary to determine whether such lesions contributed to morbidity and mortality in animals administered sporidesmin.
Infarcts in the liver and tubular nephrosis in the kidneys have not been associated previously with sporidesmin toxicosis in mice. However, hepatic infarcts have been described in rabbits exposed to sporidesmin (Thompson et al., 1983) and in the several species in which they have been described may be associated with vascular lesions and microthrombosis.
The mice in this experiment were dosed with sporidesmin in a DMSO vehicle, whereas aqueous-ethanol, ethanol, and olive oil vehicles have been used previously (Mortimer, 1970; Thompson et al., 1983; Bhathal et al., 1990) . The DMSO was used because it dissolved sporidesmin much better than 10% ethanol did in a pilot experiment. If, when compared with previously used vehicles, DMSO enhanced the absorption rate across the gastric mucosa, higher tissue concentrations of sporidesmin in the hepatic and renal tissues could result from altered toxicokinetics. Similarly, higher doses of sporidesmin in sheep were more likely to induce hepatic infarcts and renal lesions than lower doses of sporidesmin (Mortimer, 1963) .
Genetic variation among animals in susceptibility to sporidesmin has been reported from several experiments. Merino sheep were more resistant to sporidesmin than Romneys, Border Leicesters, or Romney × Border Leicester crossbreds, and Merinos had higher hepatic microsome activity than Romneys as well (Fairclough et al., 1978; Smith et al., 1980) . Monozygous twin dairy calves had similar serum γ-glutamyltransferase (GGT) activities and liver injury scores following sporidesmin intoxication, but different twin pairs were dissimilar for those same traits (Smith and Gravett, 1986 ). This suggests a substantial genetic component to variation in animal response to sporidesmin. Using the elevation in serum GGT concentration following liver damage from sporidesmin challenge as the selection criterion, Morris et al. (1989 Morris et al. ( , 1995b were successful in divergently selecting Romney sheep for sporidesmin resistance. In Friesian and Jersey cattle, heritabilities of GGT response to sporidesmin challenge were .29 ± .15 and .77 ± .13, respectively (Morris et al., 1998) . In the same experiment and in both breeds, progeny from sires selected for high vs low elevation of GGT after sporidesmin challenge differed significantly for that same trait. Four inbred mouse strains differed in severity and time course of liver and gall bladder injury from sporidesmin administration (Bhathal et al., 1990) .
Resistance to sporidesmin intoxication can also be altered by administration of drugs that affect liver metabolizing enzymes. The administration of hexachlorobenzene, for example, increased resistance of sheep to sporidesmin toxicosis . Hexachlorobenzene induces multiple liver enzymes, including cytochrome P 450 isoenzymes, GSH transferase, and UDP-glucuronosyltransferase (Vizethum et al., 1980; Vos et al., 1988; Visser et al., 1993) . Hexachlorobenzene administration also increased resistance of sheep to the toxins in perennial ryegrass (Mortimer, 1978) . Perennial ryegrass is often infected by an endophyte similar to Neotyphodium coenophialum in tall fescue (Cheeke, 1995) . The endophyte of perennial ryegrass produces lolitrem-B and ergovaline, both with an indole structure. Ryegrass staggers is the disease condition caused by ingestion of these toxins. In a crossbred sheep population divergently selected for susceptibility to ryegrass staggers, the genetic correlation between susceptibilities to ryegrass staggers and facial eczema was estimated to be .31 (Morris et al., 1995a) . Thus, animals genetically more resistant to one of the diseases tended also to be genetically more resistant to the other.
We did not investigate directly why R mice were more resistant than S mice to two distinctly different toxins. However, genetic selection that increased liver enzyme activity in mice (Hohenboken and Blodgett, 1997 ) and a xenobiotic treatment (hexachlorobenzene) that induced liver enzymes in sheep increased resistance both to sporidesmin and to endophytic toxins. Ergovaline from fescue and sporidesmin act on different target sites in the body to cause poisonings. Ergovaline acts on D 2 dopamine receptors and suppresses prolactin production . Ergot peptide alkaloids in fescue also are α-adrenergic agonists, producing peripheral vasoconstriction (Solomons et al., 1989) . Sporidesmin forms free radicals that are especially detrimental to the liver (Munday, 1987) . Although ergovaline and sporidesmin act on different target sites, both have indole groups in their chemical structure that may be metabolized by similar enzyme pathways. In earlier work (Hohenboken and Blodgett, 1997) , R mice had higher activities than S mice of phase II metabolizing enzymes in the liver. Both glutathione transferase and UDP-glucuronyltransferase activities were increased in the R line, whereas activity of cytochrome P 450 complex of phase I enzymes was similar in R and S strains. Possibly, mice selected for resistance to toxins in endophyte-infected fescue were better able to metabolize sporidesmin to less-toxic metabolites than were their S-line counterparts. Metabolites of sporidesmin have not been well characterized, but some that have been isolated have lost their disulfide bond and had single or double hydroxyl groups attached (Fairclough et al., 1978) . Experiments using selective inducers or inhibitors of glutathione transferase and UDP-glucuronosyltransferase in the R and S mice could help confirm the role of liver enzyme metabolism in conferring resistance or susceptibility to different toxicants.
Implications
Fescue toxicosis and facial eczema are costly diseases in American cattle production and in New Zealand cattle and sheep production, respectively, but many other toxicoses affect livestock production and welfare throughout the world. This experiment establishes that bidirectional selection in a mouse model for resistance to toxins causing fescue toxicosis brought about a favor-able correlated response in resistance to sporidesmin, the toxin responsible for facial eczema. It may be possible, therefore, to select within livestock populations for simultaneous resistance to multiple toxins. This would require identification of an economical, heritable, noninvasive indicator trait of toxin resistance. As selection progressed, it would also require monitoring of correlated responses in other economically important traits.
